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Streszczenie: Jednym z zabiegow poprawiajacych warunki posadowienia obiektow budowlanych i in-
zynierskich sg poduszki wzmacniajace. Autor przedstawit wlasna propozycj¢ modelu obliczeniowego
dla uktadu stabe podloze—poduszka wzmacniajaca oparta na zatozeniu, ze do opisania wlasciwosci po-
duszki i podioza nalezy wykorzysta¢ ciata sprezysto-idealnie plastyczne, ktorych prawa plynigcia pla-
stycznego sa stowarzyszone z warunkiem Coulomba—Mohra. Taki dwustrefowy model oznaczono sym-
bolem CM/CM. Propozycja byta wynikiem okreslonej procedury postgpowania i obejmowala przestanki
teoretyczne 1 do$wiadczalne, studia parametryczne MES i badania weryfikacyjne (te ostatnie bgda
przedmiotem oddzielnego artykutu).

Abstract: One of the methods of improving soil under foundations of building and engineering
structures is a loadbearing cushion. In this paper, the author presents his own numerical model for
the soft subsoil-loadbearing cushion system. It is based on the assumption that elastic-perfectly
plastic bodies and a plastic flow rule associated with Coulomb—Mohr’s yield condition can be
used for describing the properties of the cushion and the subsoil. Such a two-zone system is des-
ignated as the CM/CM. This concept is a result of a specific procedure, which comprised theoreti-
cal and empirical premises, FEM parametric studies and verification (a separate paper will be de-
voted to the latter).

Pe3srome: La méthod des coussin renforcés c’est une de méthods qui ameliore les conditions de la
fondation des batiments et des ouvrages d’art. L’autheur a présenté sa proposition d’un modéle
numérique pour le systéme sol faible — coussin renforcé. Cette conception profit des corps élasto — idéal
plastiques dont les lois de la fluence plastique sont associés avec les conditions de Coulomb—Mohr. On
a nommé ce modele de deux-zones comme CM/MC. La proposition presentée c’est le résultat de la
procédure déterminée contenant les premisses théoriques et expérimentales, les études paramétriques
FEM et la validation expérimentale dont les résultats seront discutés dans une autre article.

1. INTRODUCTION

Cases, where a structure cannot be founded directly, or where excessive costs of
such foundation concept must be taken into account, are symptomatic of soft sub-
soil.

One of the methods of improving the soft subsoil is to replace it with a finite layer
of the stiffer soil (weak subsoil replacement), to form the so-called loadbearing cush-
ion. Its dimensions are close to those of the structure.

The procedure of loadbearing cushion designing includes: the selection of the
replacement material and the technology of its formation as well as determination



24 J. SEKOWSKI

of the dimensions of loadbearing cushion, i.e. its height and width at the base (Hp,
Bp).

The requirements for the material and cushion formation technology, the principles
of performing control tests and the criteria for assessing cushion quality do not cause
any major controversies. However, we can raise objections to cushion dimensioning
methods (SEKOWSKI [26]). After brief reference to the existing principles of the load-
bearing cushions dimensioning, the author will present his own numerical model for
the soft subsoil-loadbearing cushion system.

2. DIMENSIONING OF LOADBEARING CUSHIONS
— CURRENT METHODS

2.1. DIMENSIONING CRITERIA AND NUMERICAL MODELS

The dimensioning of a loadbearing cushion is a procedure for determining its
height (Hp) and width at the base (Bp). An appropriate selection of both values de-
pends on the limit state conditions, i.e. bearing capacity and displacement conditions.
In practice, this means that the values of Hp and Bp should be such that they exceeded
neither the bearing capacity of the layer directly under the cushion nor the bearing
capacity of the cushion itself and the foundation settlement should not be greater than
the values permitted for the founded structure. These conditions, the selection criteria
for loadbearing cushion dimensions, have the following form:

e bearing capacity criterion

O, <mQ, (D
e displacement criterion
§<s,. (2)

Consequently, the principles for determining the capacity of subsoil bearing and its
displacements, and specifically their theoretical basis are of importance. The numeri-
cal methods applied in practice so far include: a rigid-perfectly plastic model and a
linear elastic model.

For the bearing capacity of the “cushion—subsoil” system, either simple limit equi-
librium methods combined with empirical corrections that take into account the layer-
ing of subsoil, or the methods of the limit analysis of the layered subsoil are employed
(FLORKIEWICZ [10]; LECKI and FLORKIEWICZ [18]). Recently, for limit analyses gen-
eral numerical procedures, such as Gussman’s kinematic element method [15], have
been applied.
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So far, the linear elastic model has been used for analysing displacements of the
“cushion—subsoil” system. It allows the use of widespread strain and stress methods
corresponding to triaxial and uniaxial strain states, respectively. However, in these
methods, the heterogeneity of the layered soil is treated in a very simplified manner.
Namely, for the layers with different Ey;, £; deformation moduli, the solutions for lin-
ear elastic and homogeneous half-space equilibrium problems are used.

Heterogeneity of layered subsoil was given a detailed consideration solely in the
more advanced linear elastic analyses of the “cushion—subsoil” system (GRYCZMANSKI
and FEDYNYSZYN [13]; GRYCZMANSKI and SKIBNIEWSKA [14]; GRYCZMANSKI [12]).
As a consequence, the method of finite elements had to be used.

2.2. CURRENT CUSHION DIMENSIONING PRACTICES

The existing cushion dimensioning practices are based on the two following as-
sumptions:

1. The bearing capacity or admissible stress in soft soil below the base of the cush-
ion cannot be exceeded and the height Hp is determined accordingly. The condition of
admissible settlement, although obvious, is treated as secondary.

2. The width of the cushion at the base (Bp) is determined by using an arbitrarily
evaluated angle of stress distribution £ in the subsoil (figure 1).

Fig. 1. Calculation scheme

The variety of cushion dimensioning methods results, primarily, from different
values of the angle £ (0-45°) adopted by different researchers, and secondly, from
different interpretations of the bearing capacity condition. As a consequence, over
the last forty years, we have dealt with more than ten cushion dimensioning con-
cepts. Some of them are represented by nomographs, tables or charts, which sub-
stantially facilitate the design process (e.g. BRYL et al. [4]; BIERNATOWSKI [2];
GLINICKI [11]).
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The behaviour of subsoil strengthened with a gravel and sand cushion has also been
the subject of a large-scale model testing in a laboratory (among other TOCHKOV [29],
KEzDI [16], SZECHY [27], CICHY and ODROBINSKI [7] as well as SEKOWSKI [23]-[25]).

Oriented numerical analyses of loadbearing cushions have also been conducted. In the
majority of them, the finite element method has been employed. The analyses have been
carried out first of all in order to determine the distributions of displacements and stresses
in subsoil improved with a cushion or a loadbearing layer. They fall into three categories:
the analyses based on the linear elastic theory of heterogeneous layered bodies (GRYCZ-
MANSKI and FEDYNYSZYN [13]; GRYCZMANSKI and SKIBNIEWSKA [14]; GRYCZMANSKI
[12]), those based on the non-linear elastic theory (MITCHELL and GARDNER [19]) as well
as elastoplastic analyses (SEKOWSKI [24], BRZAKAEA and NGUYEN [5]).

To summarise, the results of the experimental research and theoretical analyses
dealing with the basics of cushion dimensioning as well as the aforementioned differ-
ent designing methods prove that:

o the applicability of the bearing capacity and settlement analysis methods used so
far for cushion dimensioning is limited,

o the use of different generations of elastoplastic models for describing the soft
subsoil-loadbearing cushion system is substantiated.

These two conclusions confirm the necessity for developing a rational theoretical
basis for cushion dimensioning which would reflect the current theory of soil mechan-
ics. They also indicate a general direction of the search for such a model.

Thus, the basis should be a numerical model consisting of two bodies with differ-
ent elastoplastic properties: a cubicoidal cushion, which is symmetrical to the footing,
and whose dimensions are Lp, Bp, Hp, and the surrounding soft subsoil whose external
dimensions are large enough compared to the foundation footing.

Moreover, the model should be reasonably simple. This channels the search for the
model that describes cushion and subsoil properties into the use of elastic-perfectly
plastic bodies with plastic flow rule associated with Coulomb—Mohr’s yield condition.
In the author’s opinion, such a two-layer model is a numerical implement by which
the realistic assessment of foundation settlement within a wide range of load can be
ensured. The model is further designated as the CM/CM.

3. CONCEPT AND SELECTION
OF THE “SOFT SUBSOIL-LOADBEARING CUSHION” SYSTEM MODEL

3.1. A CONCEPT OF THE SOFT SUBSOIL-LOADBEARING CUSHION SYSTEM MODEL

The author believes that the following procedure is optimal for developing a ra-
tional numerical model for the foundation—cushion—soft subsoil system:



A numerical model for the subsoil-loadbearing cushion 27

e pre-selection of a set of the models examined, based on general theoretical and
experimental premises,

e FEM parametric studies of representative characteristics of the models selected, pref-
erably the foundation’s “loading—settlement” relationship in a broad range of load,

e selection of the rational model, whose representative characteristic exhibits the
best consistency with experimental data, provided that optimal parameter estimates
have been ensured,

e comparison of the resultant set of numerical characteristics with corresponding
relationships obtained experimentally.

a)

> >

cushion

©)
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Fig. 2. Theoretical premises allowing pre-selecting the model
of soft subsoil-loadbearing cushion system

When estimating this procedure, the key issue is the lack of a sufficient database with
data acquired from model testing in laboratory and in the field scales as well as the lack of
measurements of actual settlements for building structures. Therefore, when selecting
a rational numerical model, it would be easier to concentrate on the “load—settlement”
theoretical characteristics for a model arbitrarily found to be appropriate for this role. This
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base model should be more sophisticated than the schemes examined. Results of experi-
mental studies stored in the experimental database could be progressively compared with
conclusions from theoretical studies. Eventually, such procedure has been adopted. After
pre-selection of the models examined and parametric studies of their characteristics,
a numerical model of soft subsoil-loadbearing cushion was selected. This model was then
verified on the basis of “load—settlement” relationships obtained by the author in labora-
tory tests and in field investigations. Note that the paper does not detail any results of the
last stage of the procedure presented.

Theoretical premises that allow pre-selection are individual properties of the stress
paths in the system analysed, especially in the lower part of the cushion, which is il-
lustrated by the example of points 4 and B of the cushion (figure 2a).

The linear elastic analysis provides the distributions of stress increments caused
by the load of the structure shown in figure 2b. Its characteristic feature is substan-
tial horizontal stretching in the bottom layer of the cushion. Corresponding stress
paths are shown in figure 2c. The positions of their starting points (in situ stress
states) in the p, g system result from preconsolidation of the cushion material by
means of mechanical compaction (impact or vibration). It is clear that the path in
the point B, which represents the bottom layer, soon reaches the limit state line.
The lines in figure 2 show stress paths for points 4 and B of the sand cushion (Hp
= 0.6 B and Bp = 1.2 B) at the depths of 1.2 and 1.5 m, respectively. The cushion
was formed under a strip foundation whose width B reaches 1.0 m and which is
founded at the depth D = 1 m and loaded with the pressure ¢g* = 100 kPa (see
GRYCZMANSKI [12]).

From the above considerations the following conclusions can be drawn:

1. Application of the linear elastic model to a cushion and subsoil (LE/LE) is lim-
ited, especially to the cushion.

2. The elastic-perfectly plastic model with Coulomb—Mohr’s yield surface fairly
adequately describes the behaviour of granular material, at least in the bottom layer of
the cushion.

Weak, soft subsoil, however, should be modelled in such a way as to take account
of its non-linearity and the effect of loading history before reaching the limit state. The
simplest models to meet these requirements are critical state models, e.g. Modified
Cam Clay model (MCC).

Consequently, the discrete CM/MCC model (Coulomb—Mohr’s model for the
cushion and Modified Cam Clay for the subsoil) has been arbitrarily selected for the
base model.

It will be interesting to analyse the applicability of simple models, i.e. LE/LE,
LE/CM and CM/CM in terms of the base model. This can be done by comparing the
“load-settlement” curves that represent these models with the corresponding character-
istic of the base model. This relationship is selected as a basis for comparison and
analyses because it represents the overall response of the soil to the load applied.
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3.2. CHARACTERISTICS OF NUMERICAL MODELS
SELECTED FOR THE SYSTEM DESCRIPTION

Three soil models have been chosen for further reasoning which includes the selec-
tion of a numerical model for the loadbearing cushion—soft subsoil system. They are:
the linear elastic model (LE), the elastic-perfectly plastic model with Coulomb—
Mohr’s yield surface (CM) and the elastic-plastic Modified Cam Clay isotropic hard-
ening model (MCC). Each of them will be briefly presented below.

3.2.1. LINEAR ELASTIC MODEL

Adapting this model means that a given layer (a cushion, subsoil) is treated as
a solid, continuous, isotropic and homogeneous body, and the constitutive equation is
as follows:

c=D-g¢g, (3)

where ©, € are the current vectors of stress and strain, and D is an elastic matrix.
The elastic matrix D for isotropic media is defined as:

1-v 14 14 0 0 0
1-v 1% 0 0
1-v 0 0
_ E (sym) @0 0 4)
A+v)-1-2-v)
(1-2v)
—— 0
2
1-2v)
L 2

Equation (4) and its characteristic parameters, namely, elastic modulus £ and Pois-
son’s ratio v, are commonly used.
3.2.2. COULOMB-MOHR MODEL

The equation representing this model’s yield
surface, identical with the limit state surface, has the following form in the p’, ¢’, @
system:

F(q',p',@)zp'-sin¢—%-q'-(ﬁ-cos@+sin@-sin¢)+c-cos¢=O. (5)
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In these equations, p', ¢', 0 are effective stress state invariants, whereas ¢, ¢ are the
model’s parameters.

Fig. 3. Yield surface for Coulomb—Mohr’s model

The yield surface that occupies a constant position in the effective principal stress
space o, 0,, 0 is illustrated by a hexagonal, equilateral, but non-equiangular, pyra-
mid, whose central axis is the hydrostatic axis (figure 3).

A general form of the constitutive relationship, i.e. the relationship between stress
and strain increments, is as follows:

oo’ =D?.J¢, (6)
where D? denotes the elastic-plastic matrix
T
p.% |9 | p
0c' )| oo

S| p.0f
oo’ oo’

D? =D - [ (7)

whereas D stands for the isotropic elastic matrix defined by the matrix equation (4).

It is assumed that the flow rule for this model, is associated with Coulomb—Mohr’s
yield condition {F(J) = 0}. Therefore, Coulomb—Mohr’s elastic-perfectly plastic
model is characterised by four material parameters, i.e. elastic modulus E, Poisson’s
ratio v, angle of internal friction ¢ and cohesion c. They are obtained in laboratory
tests, e.g. in the triaxial compression apparatus, or in field studies, e.g. trial loading
tests, cone penetration tests and dilatometer tests (ZADROGA [30]; TSCHUSCHKE [29];
LECHOWICZ and RABARIJOELY [17]).
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3.2.3. MODIFIED CAM CLAY MODEL

This model represents a generation of isotropic hardening models. It is commonly
considered a basic model for the critical state theory.

The description of the Modified Cam Clay model is based on the following postu-
lates:

e The yield surface is an ellipsoid of revolution presented in the principal stress
space in figure 4. It is given by the following equation:

F=q¢>+M*-p'-(p'-p.)=0, (8)

where p', g, p. denote respectively: mean stress, stress intensity and preconsolidation
pressure (parameter M is defined later).

e The isotropic hardening parameter is the total plastic change of the Ae” void ratio
according to the following equation:

)
Fig. 4. MCC model yield surface
e A general form of incremental “stress—strain” characteristics is as follows:
66 =D% .S¢,
where (10)

_(D-ny)-(';-D)
n.-Dn,+K, '

D? =D

In the Modified Cam Clay model, we deal with five material parameters:
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A, M, T,G(v). (11)

These parameters quantify material functions defining the model itself, and their
physical interpretation is shown in figure 5.

a) b)
qQa Q'T
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c) d)
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Fig. 5. Physical interpretation of Modified Cam Clay model parameters

M, A and x are, respectively, interpreted as: the slope of critical state line (CSL) in
the system of p', ¢ invariants (figure 5a), the slope of a normal isotropic consolidation
line (NCL) in the semi-logarithmic scale (figure 5c) and the isotropic swelling line
(SL) in the same system (figure 5d). The fourth parameter is the shear elastic modulus
G (figure 5b).

Further, e and e, denote, respectively, the void ratio and its initial value, p'.,, — the
initial precompression pressure value, &, and & — volumetric and deviatoric strains
(strain intensity).

3.3. NUMERICAL ANALYSIS OF THE APPLICABILITY OF SELECTED NUMERICAL MODELS

3.3.1. PRELIMINARY NOTES

Carefully planned 2D FEM analyses were the basis for evaluating the applicability
of the selected numerical models in describing the behaviour of the soft subsoil —
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loadbearing cushion system. In these analyses, real engineering structures founded on
a very weak subsoil strengthened with a sand cushion were examined. This, despite
practical objections, provided an opportunity for comprehensive analysis of the prob-
lem, including the parametric study of the soft subsoil constitutive model (section
3.3.2) and the parametric study of the cushion numerical model (section 3.3.3).

In both cases (the axisymmetric problem and the plane strain problem), theoretical
“load-settlement” curves determined for the base model (CM/MCC) and other
schemes (models) (LE/LE, LE/CM, CM/CM) have been compared. In the first case,
the effect of weak subsoil (clay) parameters on the load—settlement relationship has
been subjected to more extensive numerical analysis, while in the second case, such
analysis has been carried out for the numerical model of the loadbearing cushion.

3.3.2. PARAMETRIC STUDY OF SOFT SUBSOIL CONSTITUTIVE MODEL

A reinforced concrete tank of the diameter d = 4.0 m was founded directly on
a circular plate of the diameter D = 6.0 m at the depth A, of 1.0 m. The soft subsoil was
soft silty clay (Gm, I, = 0.75), and dense coarse sand (Pr, Ip = 0.7) was used as the
strengthening material. The loadbearing cushion had the following dimensions: Hp =
0.5-D=3.0 mand Bp = 1.5-D = 9.0 m. Load unit at the tank base equalled ¢* = 250
kPa, which produced the unit pressure of ¢* = 110 kPa on the level of foundation foot-
ing. The scheme of the system analysed is presented in figure 6.

q=250 kPa

h~=1,0m

PI‘, ID:O,7 Hp=0,5~D

¢—— Bp=1.5D ——P

Gn, 1,=0,75

Fig. 6. Numerical scheme

The reinforced concrete foundation slab was represented by the linear elastic
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model with the parameters: £, = 28500 MPa; v = 0.167. Silty clay in the base model
for soft subsoil was represented by the elastoplastic isotropic Modified Cam Clay
hardening model (MCC), and coarse sand cushion was represented by the elastic-
perfectly plastic Coulomb—Mohr’s model (CM). For the purpose of comparative
analysis, also other schemes (LE, CM) were used to model both soils. Parameters of
the models analysed are shown in table 1.

The discrete geometrical model of the system is shown in figure 7. The mesh con-
sists of 198 rectangular eight-nodal elements arranged in the system of 11 rows and 18
columns. Its dimensions (53 mx18.5 m) related to the foundation width (B*/D, H*/D)
are, respectively, 8.83 and 3.1.

Fig. 7. Discrete model of the system

Table 1
Input soil parameters for the numerical models implemented
Type of soil
Soil model P
Silty clay Coarse sand

Linear elastic model (LE) E % E v

6000 0.45 130000 0.25
Elastic-perfectly plastic E 1) c v E ¢ c %
Coulomb—Mohr’s model (CM) {6000 6 5 0.45 130000 34 0 0.25
Modified Cam Clay (MCC) A K M  I'-1 v

0.046 0.021 0.217 0.5 0.45
Important: E, ¢ values are in [kPa], ¢in [°], the other values are dimensionless

In the case of the base model (CM/MCC), the “load—settlement” curve is consid-
ered to be the reference line in the analysis performed. Similar relations have been
defined using the LE/LE; LE/CM and CM/CM models for the parameters given in
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table 1. Further, the effect of each parameter in the simpler models (£, v in the LE
model and E, v, ¢, ¢ in the CM model) on the “g—s” characteristics (E* = E/a. — o = 2,
3,5,10; ¢=3°,4°,5%c=1,2,3,4,5 [kPa]; v=10.25; 0.35; 0.45) has been analysed.
The changes in parameter values in the simpler models occurred only in a weak layer.
The foundation model did not change. A package of FEM programmes, CRISP’93,
was implemented in numerical analysis (BRITTO and GUNN [3]).

q*, kPa
0 30 60 90
0
10
20 '
== CM/MCC
30

| =—te— CM/CM
40 | —e—LS/CM
50 | —8— LLE/LE

[¥]

“ 60

Fig. 8. “Load-settlement” characteristics for the schemes analysed
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——LE, Clay. alfa=5
60 4 —=—LE. Clay. alfa=10
£ =i CM/MCC

70 -

Fig. 9. The effect of the clay elastic modulus on the “load—settlement”
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characteristics in the LE/LE scheme

Our calculations lead to the following conclusions:

e The effect of plasticity on the stress and strain state in the subsoil appears as the
load is applied. Naturally, this effect is then transmitted to the displacement field as
shown in figure 8. Here, the settlement of a point under the centre of the plate due to
a unit load is presented for individual model combinations, including the base model.
This impact is made progressively stronger along with an increase in unit loads. It
needs to be emphasised that of all the simpler models analysed, the “load—settlement”
relationship for the base model is most effectively approximated by the CM/CM
scheme. This is particularly noticeable for the loads over 50 kPa.

e LE/LE scheme. The elastic modulus for the soft layer has a much greater effect
on foundation settlement than Poisson’s ratio, also used to describe a weak layer in the
LE model. However, due to the different character of “load—settlement” characteristics
for LE/LE and CM/MCC models, their relative agreement can be considered only
within the range up to approx. 50 kPa (figure 9).

q*, kPa
0 30 60 90
0
10
20 -
30 A
40 =i CM/MCC

50| —&—CM/CM, Clay - fi=6
—e— CM/CM, Clay - fi=5

601 _e—CM/CM, Clay - fi=4
§ 70 ——cM/CM, Clay - fi=3
80

Fig. 10. The effect of an internal friction in clay on the “load—settlement”
characteristics in the CM/CM scheme

e CM/CM scheme. The effect of the CM model parameters on the “load—settlement”
characteristics is extremely important, particularly in the case of the modulus £ and the
angle of internal friction ¢. This is demonstrated in figures 10 and 11. They show the
effect of the clay parameters — the angle of internal friction (figure 10) and the elastic
modulus (figure 11) — on the “load-settlement” characteristics in the CM/CM scheme
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compared with the “load—settlement” characteristic in the base scheme.

Figures 10 and 11 show that parameter values of the CM/CM model can be se-
lected in such a way that the “load—settlement” relationships will produce results
identical with, or very close to those obtained for the base model.

q*, kPa

401 —m—CM/MCC

50 —a— CM/CM, Clay - alfa=1

60 | —&—CM/CM, Clay - alfa=2
§ 70 —e— CM/CM, Clay - alfa=3

Fig. 11. The effect of the clay elastic modulus on the “load—settlement”
characteristics in the CM/CM scheme

Regardless of the numerical model, the effect of Poisson’s ratio on the characteris-
tics in question is minor. It needs to be added that also the LE/CM model, with the
cushion described by the linear elastic model and a subsoil — by the Coulomb—Mohr’s
model, did not furnish us with definite results.

3.3.3. PARAMETRIC STUDY OF THE CUSHION NUMERICAL MODEL

A strip foundation of the width B = 1.0 m, strengthened with a sand cushion, has
been founded at the depth of D = 1.0 m below terrain level, directly on soft soil. In the
analysis, different pairs of cushion dimensions, Hp and Bp, were introduced at differ-
ent stages, as shown in table 2. Unit load on the subsoil was g* = 50 kPa. Analogously
to the previous analysis, the weak subsoil was soft silty clay (G=n, I, = 0.75) and for
the loadbearing cushion, dense coarse sand (Pr, Ip = 0.7) was used.

The discrete geometric model of the system is illustrated by figure 12. The mesh
consists of 198 rectangular eight-nodal elements in the system of 11 rows and 18 col-
umns, and its dimensions related to the foundation’s width are respectively: H*/B =
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7.45; B*/B=13.25.

loading

obeigtenie

Fig. 12. The discrete model of the system

Table 2
Geometric characteristics of the strengthened cushion
Strip foundation width Cushion dimensions
Hp/B Bp/B
0.5 1.0
0.5 1.5
B=10m 0.5 3.0
2.0 1.0
2.0 1.5
2.0 3.0

Also in this example, the base line for the comparative analysis was the “load—
settlement” curve, determined numerically for the base model (CM/MCC). This relation-
ship was also obtained for simpler models, i.e.: LE/LE; LE/CM and CM/CM, whose pa-
rameters were presented in table 1. Next, the effect of each parameter in simpler models
(E, v in the LE model and E, v, ¢, ¢ in the CM model) on the relationship “g—s” was ana-
lysed. This time, however, not only the parameters of the weak layer (E* = E/a— a=2, 3,
5, 10;
$=2°,4°c=0, 2,4, [kPa]; v=0.25; 0.35; 0.45), but also the parameters of the loadbear-
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ing cushion (£* = F/laa— =2, 3, 5, 10; ¢ =30°, 20°; v = 0.25; 0.35, 0.45) were being
changed. For this reason and also due to variability of loadbearing cushion dimensions
(table 2), the scope of the cases analysed was considerably wider.

q* kPa
0 10 20 30 40 50

== CM/MCC

55 | ——CMICM

—=— LE/CM

£ 30| —e—LELE
w 35

Fig. 13. “Load-settlement” characteristics for the schemes analysed: Hp = 0.5B; Bp =B

q*, kPa

= CM/MCC

et CM/CM
"1 —m—cmoem
81 —e—1LE1E
g 91
E 10

Fig. 14. “Load-settlement” characteristics for the schemes analysed: Hp = 2B; Bp = 3B
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The results obtained fully confirm the conclusions drawn from the first example
and those can now be supplemented as follows:

e The effect of plasticity on the stress and strain state, observed from the instant
the load is applied, is greater for a plane strain problem. However, irrespective of the
type of problem (plane or axisymmetric strain), the “load—settlement” relationship for
the base model is best represented in the CM/CM scheme, and the accuracy of this
representation increases with the size of the loadbearing cushion, which is also shown
in figures 13 and 14.
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Fig. 15. The effect of the cushion’s internal friction angle on the progress of the “load—settlement”
characteristics in the CM/CM model for: a) Hp = 0.5B; Bp = B; b) Hp = 2B; Bp = 3B

e With the re-confirmed qualitative similarity of the “load—settlement” relationship
in the base scheme (CM/MCC) and approximating scheme (CM/CM), the effect of the
CM model parameters (£, b and c) on this characteristics for the subsoil and cushion
depends on the dimensions of the latter. Namely, this effect decreases for the subsoil
along with an increase in the cushion dimensions and vice versa, as shown in figures
15 and 16.
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Fig. 16. The effect of the subsoil’s internal friction angle on the progress of the “load—settlement”
characteristics in the CM/CM model for: a) Hp = 0.5B; Bp = B; b) Hp = 2B; Bp =3B
With reference to the angle of internal friction and cohesion, relevant figures refer
to examples of extreme loadbearing cushion dimensions (Hp = 0.5B; Bp = B and
Hp=2B; Bp=3B).
Again, for both materials, the effect of Poisson’s ratio on the final solution is minor.

3.4. SELECTION OF A NUMERICAL MODEL FOR THE SYSTEM

In accordance with the procedure proposed for developing the rational numerical
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model for the cushion—soft subsoil system, the pre-selection of the set of the models tested
had been carried at its successive stages. Next, FEM parametric studies of their represen-
tative characteristics were performed. The “load—settlement” relationship was found to be
a characteristics. For the relevant calculations, two numerical examples were chosen, one
of which represented an axisymmetric problem, while the other — a plane strain problem.

The theoretical “load—settlement” curve representing the discrete CM/MCC base
model (Coulomb—Mohr’s model for the cushion and Modified Cam Clay for the sub-
soil) constituted a reference line for the calculations performed. In the numerical
analyses, the “load—settlement” relationship was determined for simpler schemes and
material parameters obtained for them, and the effect of such parameters on the char-
acteristics in question was analysed.

The results of the calculations, partially illustrated in figures 8—11 and 13-19, and
the analysis of the conclusions in point 3.3 indicate that:

1. In the scheme selected to represent the subsoil-loadbearing cushion system, the
elastic-perfectly plastic Coulomb—Mohr’s model (CM/CM) can be used to describe
both the subsoil and the cushion. With the base solution relatively well approximated,
this scheme is characterised by a limited number of generally accepted, intuitively
sensed and easily determined material parameters (£, ¢, ¢, v). However, a formally
more correct CM/MCC scheme requires, at least from a designer’s point of view, an
access to parameters of the Modified Cam Clay model. At present, it is not yet possi-
ble. While such parameters can be obtained from laboratory studies (e.g. BZOWKA et
al. [6]) or derived from literature (e.g. ATKINSON [1]; SCHOFIELD and WROTH [21];
DESAI and SIRIWARDANE [8]), the first ones require a great deal of work and the sec-
ond are few and they apply strictly to specific types of soil.

2. The results of the system numerical analyses that employ the Coulomb—Mohr’s
model are heavily dependent on the values of soil physical parameters. This refers, in
particular, to the elastic modulus, the angle of internal friction and the cohesion (£, 4,
¢). Therefore, it is crucial that the parameters are determined realistically, taking into
consideration the load history and conditions of the design structure—subsoil interac-
tion.

More generally, soil parameters can be used in the analysis as independent vari-
ables (e.g. PIECZYRAK [20]).

To summarise, the numerical model CM/CM has been adopted for the description
of a soft subsoil—cushion system.

The appropriateness of such a choice is additionally substantiated by the concept of
the so-called experimental soil engineering (ESE) (DYER et al. [9]), currently popularised
in geotechnics. ESE boils down to analysis of geotechnical problems by means of me-
chanical models that are as simple as possible, but whose parameters must be estimated
taking into account the whole complexity of soil’s behaviour under loading.

The choice of the scheme will need to be checked against the results of experimen-
tal studies, or even better, against the results from the monitoring of actual solutions.
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The author has made such an attempt and its outcome will be presented in
a separate paper.

4. FINAL CONCLUSIONS

1. Loadbearing cushions are effective in improving weak subsoil. They are easily
implemented and applicable in a wide range of weak soils. There is also a good choice
of improving soils that can be used. Moreover, the quality of the fill can be monitored
while the work is in progress.

2. At present, an important limitation on a wider use of the above improvement is
caused by the lack of theoretical and experimental basis for dimensioning loadbearing
cushions. Hence, the numerical model of the soft subsoil-cushion system, CM/CM,
has been proposed in the paper. In this scheme, elastic-perfectly plastic models with
Coulomb—Mohr’s yield surface have been used to describe both soils.

3. The “load—settlement” curve is sensitive to material parameters of both improved
and improving soils. Thus, these parameters, obtained due to studies or adopted for cal-
culations, need to be determined with the utmost caution. Conditions of the structure—
subsoil system interaction should play a decisive role in the selection of parameters.
Also, the loading history needs to be taken into account. Finally, precision in sampling,
in preparing the samples and also in performing the tests is of importance.
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